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Myocardial reperfusion after brief, reversible ischemia 
is frequently associated with malignant arrhythmias in 
experimental animals. These observations have been ex•
trapolated to humans despite being restricted to anes•
thetized, open chest preparations. No data are available 
regarding the incidence of reperfusion arrhythmias after 
reversible « 20 minutes) ischemia in the conscious state. 
Thus, reperfusion arrhythmias after a 15 minute occlu•
sion of the left anterior descending coronary artery were 
compared in 24 open chest dogs (17 anesthetized with 
pentobarbital and 7 with chloralose plus urethane) and 
25 conscious, unsedated, trained dogs. The incidence of 
all rhythm disorders (single premature ventricular com•
plexes, pairs, ventricular tachycardia and fibrillation) 
was markedly and significantly lower in conscious than 
in either pentobarbital- or chloralose-anesthetized dogs. 
The disparity was not accounted for by differences in 
Myocardial reperfusion after brief ischemia unassociated 
with necrosis « 20 minutes) frequently precipitates malig•
nant ventricular arrhythmias in experimental animals. These 
observations have been extrapolated to humans, as it has 
been found that many survivors of primary ventricular fi•
brillation have no evidence of myocardial infarction (I) and 
complete coronary occlusion is often absent in victims of 
sudden cardiac death (2). Thus, reperfusion arrhythmias 
have been postulated as a cause of sudden death after brief, 
reversible ischemia produced by coronary spasm or throm•
bosis (3-10). 
The relevance of the experimental data to humans, how-
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coronary collateral 80w, coronary reactive hyperemia 
or occluded bed size. The conscious animals, however, 
exhibited lower heart rates and arterial pressures during 
reperfusion than did the open chest dogs, suggesting a 
lower level of adrenergic stimulation, which might have 
contributed to the reduced incidence of reperfusion ar•
rhythmias. 
Coronary reperfusion after 15 minutes of occlusion 
is unlikely to precipitate ventricular tachyarrhythmias 
in the conscious, trained dog, even after severe ischemia. 
The occurrence of these rhythm disorders in anesthe•
tized models may re8ect the in8uence of surgical trauma 
or excessive adrenergic activity, or both. Reperfusion 
arrhythmias after reversible ischemia may be consid•
erably less common in the clinical setting than previously 
postulated on the basis of open chest animal experiments. 
(J Am Coil CardioI1986;7:1047-56) 
ever, is uncertain because studies of reperfusion arrhythmias 
after reversible ischemia have thus far been restricted to 
open chest animal preparations in which the potentially con•
founding effects of anesthesia, surgical trauma and exces•
sive adrenergic activity may significantly enhance arrhyth•
mogenesis. Little information is available regarding these 
rhythm disorders in the conscious state. It is, therefore, 
unknown to what extent the arrhythmic events observed on 
release of a brief coronary occlusion are produced by the 
artificial conditions associated with the open chest prepa•
ration. 
In an effort to clarify this issue, we compared reperfusion 
arrhythmias after a completely reversible ischemic insult 
(15 minute coronary occlusion) in open chest and conscious, 
unsedated dogs. This duration of ischemia was selected 
because it does not produce myocellular necrosis (11), but 
does result in a substantial incidence of malignant tachyar•
rhythmias on reperfusion (9,12-15). Coronary occlusion 
lasting 20 minutes may be associated with subendocardial 
necrosis (11). Dogs anesthetized with chloralose or pento•
barbital were studied because these are the two anesthetic 
agents most commonly used in investigations of reperfusion 
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arrhythmias. Several variables known to influence reper•
fusion arrhythmias (size of the occluded coronary bed [16,17], 
coronary collateral blood flow [IS-20] and reactive hyper•
emia [1S]) were quantified. A specific analysis was carried 
out to determine whether dissimilarities in rhythm disorders 
between open chest and conscious dogs could be ascribed 
to differences in any of these variables rather than to the 
experimental preparation. 
Methods 
Mongrel dogs of either sex weighing 15 to 29 kg were 
used. The study was approved by the appropriate institu•
tional committee; the experimental procedures complied with 
the "Guiding Principles in the Use and Care of Animals" 
approved by the Council of the American Physiological 
Society as well as with state and federal regulations. 
Studies in anesthetized dogs. Two groups of open chest 
dogs were studied. Dogs in the first group were anesthetized 
with sodium pentobarbital (30 mg/kg body weight); those 
in the second group were sedated with sodium thi•
amylal (10 mg/kg) and anesthetized 10 minutes later with 
a mixture of alpha-chloralose (60 mg/kg) and urethane (300 
mglkg). All drugs were given intravenously. Additional doses 
of anesthetic agents were administered during the experi•
ment as needed to abolish the corneal reflex. Dogs were 
intubated and ventilated with room air. Ventilatory variables 
were adjusted on the basis of arterial blood gas determi•
nations to maintain normal pH and satisfactory oxygenation. 
The chest was opened through the fifth left intercostal space 
and the heart was suspended in a pericardial cradle. The 
left anterior descending coronary artery was isolated from 
the surrounding tissue and encircled by a snare distal to the 
first diagonal branch. The site for occlusion was selected to 
produce an ischemic zone approximating two-thirds of the 
anterior surface of the left ventricle (21). A Doppler ultra•
sound flow probe was placed around the artery distal to the 
site of occlusion. Polyethylene catheters were inserted through 
the left carotid artery into the aorta and through the left 
atrial appendage into the left atrium. Both catheters were 
connected to Statham P23Db pressure transducers. An SF 
Millar high fidelity pressure transducer was introduced into 
the left ventricle through an apical stab wound. The first 
derivative of left ventricular pressure (dP/dt) was obtained 
by electronic differentiation. A Doppler ultrasound wall 
thickening probe (22,23) was placed in the region of the 
left ventricle to be rendered ischemic and another was po•
sitioned in the nonishchemic region (posterior wall). The 
Doppler technique for measuring myocardial thickening has 
been described in detail previously (22). Briefly, the probe 
consists of a 4 mm ultrasonic crystal that is bonded to a 1.5 
cm diameter fabric disk impregnated with Silastic. The disk 
was secured to the epicardial surface with 6-0 Prolene stitches 
penetrating 0.5 to 1.0 mm into the myocardium, thus pro-
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ducing minimal trauma. Aortic pressure, left ventricular 
pressure, left ventricular dP/dt, left anterior descending 
coronary artery blood flow velocity, myocardial thickening 
and lead II of the electrocardiogram were recorded contin•
uously throughout the study on an eight channel, direct 
writing oscillograph (Gould Brush, system 200). 
After baseline recordings were obtained, the left anterior 
descending coronary artery was occluded by tightening the 
snare. The electrocardiogram was recorded throughout the 
occlusion phase at a paper speed of 5 mmls. In the pento•
barbital-anesthetized dogs, radioactive microspheres were 
injected 10 minutes after occlusion to determine coronary 
collateral blood flow to the ischemic zone. Collateral flow 
was not measured in the chloralose-anesthetized animals. 
Microspheres (15 ± 3 }Lm [mean ± SD] in diameter, Du•
pont Co.) were obtained as 1 mCi of nuclide suspended in 
10 ml of 10% dextran with 1 drop of Tween SO to minimize 
clumping. Microspheres were labeled with strontium-S5, 
scandium-46 or niobium-95. Before injection, the vial con•
taining microspheres was vigorously agitated on a mechan•
ical mixer for 2 minutes. Approximately 2 million spheres 
were then injected into the left atrium in 3 ml of normal 
saline solution over 10 to 15 seconds, after which the cath•
eter was flushed with an additional 10 ml of saline solution. 
Beginning 15 seconds before and continuing for 2 minutes 
after the end of the injection, blood was withdrawn from 
the aorta with a Harvard pump at a constant rate of 4.05 
mllmin. Fifteen minutes after occlusion, the ischemic bed 
was reperfused by releasing the snare. Presence of reactive 
hyperemia immediately after release of the occluder was 
verified in each dog by the Doppler flow probe measure•
ments. The electrocardiogram was recorded at a paper speed 
of 25 mmls during the first 2 minutes and at 5 mmls during 
the subsequent 2S minutes of reperfusion. In these experi•
ments, as well as in the conscious dog studies, no attempt 
was made to resuscitate dogs that developed ventricular 
fibrillation during coronary occlusion or reperfusion. 
Studies in conscious dogs. The experiments in con•
scious dogs were part of a separate study aimed at assessing 
the effect of transient ischemia on myocardial function. The 
instrumentation of these animals was similar to that of the 
open chest groups. Dogs were anesthetized with sodium 
pentobarbital and a left thoracotomy was performed under 
sterile conditions at the level of the fifth intercostal space. 
Heparin-filled Tygon catheters were placed in the left atrium 
by way of the atrial appendage and in the aorta by way of 
the left subclavian artery. A hydraulic balloon occluder was 
implanted around the left anterior descending coronary ar•
tery distal to the first diagonal branch, and a Doppler ul•
trasound flow probe was placed distally. The site for oc•
clusion was selected according to the same criteria specified 
for the open chest dogs. A Konigsberg (P 7) high fidelity 
micromanometer was implanted into the left ventricular cav•
ity through an apical stab wound. Intramyocardial electrodes 
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were placed in the left atrium and right ventricle to record 
atrial and ventricular electrograms. Doppler ultrasound wall 
thickening probes were sutured to the epicardial surface in 
the distribution of the artery to be occluded and in an area 
remote from it (posterior wall). All wires and catheters were 
tunneled between the scapulae and exteriorized through small 
incisions at the base of the neck. The chest was closed in 
layers and any pneumothorax was eliminated by suction 
drainage of the chest cavity. Each animal received intra•
muscular antibiotic agents before surgery and daily for 6 
days thereafter. The dogs were allowed to recover for a 
minimum of 8 days after surgery, and were trained to stand 
quietly in a sling. 
On the day of the experiment, arterial blood gases, pH 
and hematocrit were determined in all animals to exclude 
abnormalities in acid-base balance or tissue oxygenation. 
The dogs were studied in the awake, unsedated state while 
standing in a sling. Aortic and left atrial pressures were 
measured with Statham P23Db pressure transducers. A bi•
polar electrocardiogram was obtained from a left atrial and 
a right ventricular lead. The experimental protocol was sim•
ilar to that followed in open chest dogs. After baseline 
recordings, the left anterior descending artery was occluded 
for 15 minutes by inflating the hydraulic balloon occluder. 
Radioactive microspheres were injected 8 to 10 minutes after 
occlusion, as described before, to determine collateral flow 
to the ischemic region. Complete coronary occlusion and 
reperfusion were verified in each dog by the Doppler flow 
velocity measurements. 
Postmortem tissue analysis. At the conclusion of the 
experiment, the open chest dogs received 6,000 U of heparin 
followed by a lethal dose of potassium chloride. The con•
scious dogs were killed 7 days after coronary reperfusion: 
they were given intravenous heparin (6,000 U) and sodium 
pentobarbital (30 mg/kg), followed by KCl (20 mEq). The 
hearts were excised and processed with identical techniques 
in both groups of dogs. The occluded vascular bed (that is, 
the region supplied by the previously occluded artery) was 
identified by a dual perfusion technique. Two cannulas of 
identical size were inserted into the left anterior descending 
coronary artery, one immediately distal and the other im•
mediately proximal to the site of occlusion. With the left 
main coronary ostium digitally occluded, the proximal left 
anterior descending and circumflex coronary arteries were 
perfused for 2 minutes with a solution of 0.5% monastral 
blue dye (24) in saline solution, while the distal left anterior 
descending coronary artery was simultaneously perfused with 
saline. Equal physiologic pressures (100 mm Hg) were ap•
plied to the two cannulas to prevent flow across collateral 
vessels (21). As a result, the previously occluded vascular 
bed remained unstained, while the rest of the left ventricle 
was dyed blue. 
The heart was sectioned into 1 cm thick slices in a plane 
parallel to the atrioventricular groove, and the borders be-
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tween stained and unstained tissue (that is, the margins of 
the occluded bed) were marked by small incisions on each 
cut surface. To verify the absence of infarction, the slices 
were incubated for 20 minutes at 38°C in a I % solution of 
triphenyltetrazolium chloride (25). The left ventricular por•
tion of each slice was then isolated and divided into stained 
and unstained parts. The total weight of the occluded bed 
and that of the left ventricle were determined. 
Four transmural specimens (1 to 3 g) for blood flow 
determination were obtained both from the occluded and 
the nonoccluded bed (septum and posterior wall). To avoid 
admixture of ischemic and nonischemic tissue, the ischemic 
specimens were obtained at least I cm inside the margins 
of the unstained region (26). After removal of epicardial 
fat, large vessels and fibrous tissue, each specimen was 
divided into endocardial and epicardial halves, weighed and 
placed in scintillation vials containing 10% formalin. The 
radioactivity of the tissue and reference blood samples was 
determined with a sodium iodide crystal well counter. Re•
gional myocardial blood flow was calculated by standard 
methods (27) using a computer-assisted program, and ex•
pressed in milliliters per minute per gram. Transmural flow 
was calculated as the average of endocardial and epicardial 
flows. 
Analysis of arrhythmias. Reperfusion arrhythmias were 
defined as those occurring within 30 minutes of release of 
the coronary occlusion. The following rhythm disorders were 
analyzed during myocardial ischemia and reperfusion (28): 
single premature ventricular complexes, "frequent" pre•
mature ventricular complexes (~ lImin of occlusion or re•
perfusion), pairs of premature ventricular complexes, ven•
tricular tachycardia and ventricular fibrillation. Ventricular 
tachycardia was defined as a sequence of 3 or more con•
secutive ectopic complexes at a rate greater than 100/min. 
Statistical analysis. All variables are reported as 
mean ± SE. Analysis of variance was used to test the 
differences in repeated measurements from the same dogs 
and in measurements from different groups of dogs. If the 
F test showed an overall difference, comparisons between 
two time points or two groups were performed by the two•
tailed Student's t test for paired or unpaired data as appro•
priate and the resulting probability (p) values were adjusted 
by the Bonferroni method (29). Incidence of arrhythmia was 
analyzed by the two-tailed Fisher exact text. 
Results 
All of the seven chloralose-anesthetized dogs were used 
for the study. Of the 19 dogs anesthetized with pentobar•
bital, 2 were excluded because of hypoxemia (arterial ox•
ygen pressure < 60 mm Hg). Of the 36 conscious dogs 
instrumented, 2 died of unknown causes, 3 produced dam•
age to the arterial catheter and died of hemorrhage, 1 was 
excluded because of failure of the balloon occluder, 2 be-
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cause of severe complications during recovery from surgery 
and 3 because the left atrial catheter was found to be in the 
pleural cavity, which precluded measurement of myocardial 
flow by the microsphere technique. Thus, a total of 7 chlor•
alose-anesthetized, 17 pentobarbital-anesthetized and 25 
awake dogs were studied. Triphenyltetrazolium chloride 
staining showed no evidence of irreversible damage in any 
of these animals. 
Regional myocardial blood flow. Regional myocardial 
blood flow was not measured in the chloralose-anesthetized 
dogs. Mean transmural blood flow to the ischemic zone was 
significantly higher in the conscious than in the pentobar•
bital-anesthetized group (Fig. 1). Because dissimilarities in 
collateral perfusion may produce major differences in both 
ischemia- and reperfusion-induced arrhythmias (18-20), an 
effort was made to examine rhythm disorders in subsets of 
dogs with comparable ischemic zone flows. Accordingly, 
arrhythmias were reanalyzed in those pentobarbital-anes•
thetized and conscious animals with a transmural collateral 
flow of less than 0.17 mllmin per g. This upper limit was 
Figure 1. Transmural myocardial blood flow to the ischemic re•
gion during coronary artery occlusion in pentobarbital-anesthetized 
(open circles) and conscious (solid circles) dogs. Transmural flow 
represents the average of endocardial and epicardial flows. The 
arrows indicate the two animals that developed ventricular fibril•
lation during coronary occlusion and were excluded from reper•
fusion. The large closed circle represents mean collateral flow for 
all conscious dogs, whereas the large open triangle indicates mean 
collateral flow for those conscious dogs that survived until reper•
fusion. Both of these mean values were significantly greater than 
the mean flow in the barbiturate-anesthetized group (large open 
circle). However, ischemic zone flow was quite similar in the 
subgroups of open chest and awake dogs with collateral flow of 
less than 0.17 mllmin per g (this value is indicated by the dashed 
line). Brackets represent I SE. *p < 0.05 versus pentobarbital 
anesthetized. 
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selected because it defined the largest subgroups of dogs 
with closely comparable blood flow values (Fig. 1). How•
ever, when other cutoff points such as 0.10, 0.15 or 0.20 
mllmin per g were used, the results were similar to those 
obtained by using 0.17 ml/min per g. 
In the two subgroups of pentobarbital-anesthetized and 
conscious dogs with collateral flow of less than 0.17 mil 
min per g, endocardial, epicardial and transmural blood 
flows to the ischemic zone were virtually identical (Table 
I). Furthermore, the ratio of transmural ischemic zone flow 
to transmural nonischemic zone flow (an index of the ad•
equacy of collateral function in relation to myocardial met•
abolic demands [30]) did not differ appreciably in the two 
subsets. The endocardiallepicardial blood flow ratio aver•
aged 0.54 in both subgroups, indicating that the distribution 
of collateral perfusion within the ischemic region was also 
similar. Thus, the open chest and conscious animals with 
ischemic zone flow of less than 0.17 mllmin per g were 
virtually indistinguishable with respect to collateral func•
tion. 
Blood flow to the nonischemic zone did not differ sig•
nificantly in pentobarbital-anesthetized and conscious dogs 
undergoing coronary occlusion or reperfusion, both when 
all animals and only those with collateral flow of less than 
0.17 mllmin per g were examined (Table I). 
Size of the occluded bed (Table 2). The size of the 
occluded coronary vascular bed, expressed in grams, was 
slightly greater in conscious than in pentobarbital-anesthe•
tized dogs. However, since the total left ventricular weight 
was also somewhat greater in the former, the size of the 
occluded bed measured as percent of left ventricular mass 
was quite similar in the pentobarbital-anesthetized and awake 
groups, both when all animals and only those with collateral 
flow of less than 0.17 mllmin per g were analyzed. The 
size of the occluded bed did not differ appreciably in chlor•
alose-anesthetized and conscious dogs. 
Coronary reactive hyperemia (Table 3). After release 
of coronary occlusion, peak reactive hyperemia, expressed 
in either absolute or relative terms, did not differ signifi•
cantly between the open chest and conscious groups whether 
the analysis included all dogs or was restricted to those with 
ischemic zone flow of less than 0.17 mllmin per g. 
Systemic hemodynamics (Fig. 2). Under baseline con•
ditions, heart rate and aortic pressure were significantly 
lower in awake than in chloralose- and pentobarbital-anes•
thetized dogs. During coronary occlusion, heart rate and 
aortic pressure increased markedly in the conscious group, 
and at 8 minutes values were similar to those in the pen•
tobarbital-anesthetized group, although still lower than those 
in the chloralose-anesthetized group. Heart rate and blood 
pressure then declined rapidly in the awake animals, so that 
at the time of reperfusion these variables were again sig•
nificantly lower than in dogs anesthetized with either chlor•
alose or pentobarbital. The hemodynamic changes in the 
JACC Vol. 7. No 5 
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Table 1. Regional Myocardial Blood Flow (mllmin per g) During Coronary Artery Occlusion 
IschemIC Zone Nonischemlc Zone 
Group Endo Epi Mean Endo/Epi Endo Epi Mean Endo/Epi IZ/NZx 100 
A All Dogs 
Dogs undergoing coronary artery occluslOn* 
Pentobarbital- 0.07 0.14 0.11 0.54 1.13 1.03 1.08 1.13 10.5 
anesthetized ± 0.02 ± 003 ± 003 ± 0.08 ± 0.08 ± 0.08 ± 008 ± 0.05 ± 2.1 
(n = 17) 
Conscious 0.14 023 019 056 1.59 1.29 1.44 121 14.2 
(n = 25) ± 0.02 ± 0.03 ± 0.03 ± 0.04 ± 0.16 ± 012 ± 0.14 ± 0.02 ± 2.9 
Dog, undergoing coronary artery reperfuslOn 
Pentobarbital- 0.07 0.14 0.11 0.54 I 13 1.03 108 l.l3 10.5 
anesthetized ± 0.02 ± 0.03 ± 0.03 ± 008 ± 0.08 ± 0.08 ± 0.08 ± 0.05 ± 2.1 
(n = 17) 
Conscious 0.15 0.25 0.20 0.57 1.54 1.26 1.40 1.21 175 
(n = 23) ± 0.03 ± 004 ± 003 ± 0.05 ± 0.21 ± 016 ± 0.19 ± 0.02 ± 2.7 
B. Dogs With IschemIC Zone Flow < 0.17 ml/mIn per g 
Dogs undergoing coronary artery occlusion* 
Pentobarbital- 0.05 0.12 0.08 0.54 1.11 1.01 106 1.13 9.1 
anesthetIzed ± 0.01 ± 002 ± 001 ± 0.08 ± 0.09 ± 0.08 ± 0.08 ± 0.05 ± 1.7 
(n = 16) 
Conscious 0.06 0.11 0.08 0.54 1.53 1.25 1.39 1.21 9.4 
(n = 14) ± 0.01 ± 0.02 ± 0.01 ±O.o7 ± 024 ± 0.18 ± 0.21 ± 0.03 ± 2.3 
Dogs undergoing coronary artery reperfuslOn 
Pentobarbltal- 0.05 0.12 0.08 0.54 1.11 101 1.60 l.l3 9.1 
anesthetized ± 001 ± 0.02 ± 0.01 ± 008 ± 0.09 ± 0.08 ± 0.08 ± 0.05 ± 1.7 
(n = 16) 
Conscious 0.06 0.12 0.09 054 1.43 l.l7 1.30 120 10.6 
(n = 12) ± 0.01 ± 0.02 ± 0.01 ± 0.08 ± 0.23 ± 0.17 ± 0.20 ± 0.03 ± 2.5 
*Two conscIOus dogs died of ventricular fibrillation dunng coronary artery occlusion and therefore were excluded from reperfusion. Values are mean 
± SE Endo = endocardial; Endo/Epi = ratio of endocardial to epicardial flow; Epi = epicardial; IZlNZ = ratio of transmural ischemic zone flow to 
simultaneous transmural nomschemic zone flow; Mean = mean transmural flow. 
subgroups with collateral flow of less than 0.17 mllmin per 
g were similar to those observed in the entire groups of 
pentobarbital-anesthetized and conscious dogs. 
Arrhythmias during coronary artery occlusion (Table 
4). Although single premature ventricular complexes and 
pairs were more common (p < 0.05) in chloralose-anes•
thetized than in conscious dogs, the incidence of frequent 
« lImin) premature ventricular complexes, ventricular 
tachycardia and ventricular fibrillation did not differ sig•
nificantly in the two groups. 
When all pentobarbital-anesthetized and awake animals 
were examined, the incidence of single premature ventric•
ular complexes, pairs and ventricular tachycardia was sig•
nificantly higher in the open chest group. The two groups, 
however, did not differ significantly with respect to the 
incidence of frequent premature ventricular complexes. Fur•
thermore, none of the pentobarbital-anesthetized dogs de•
veloped ventricular fibrillation, whereas 2 (8%) of the 25 
conscious animals did. 
When the analysis of arrhythmias was limited to the two 
subgroups of dogs that were similar with respect to coronary 
collateral function (ischemic zone flow < 0.17 mllmin per 
g), the differences in the incidence of premature ventricular 
complexes, pairs and ventricular tachycardia observed in 
the entire group of animals became smaller and statistically 
insignificant. Premature ventricular complexes developed in 
7 (50%) of 14 conscious dogs compared with 13 (81 %) of 
16 pentobarbital-anesthetized dogs (p = 0.122); pairs were 
observed in approximately the same proportion of awake (6 
[43%] of 14) and open chest animals (7 [44%] of 16); 
ventricular tachycardia occurred in 4 (29%) of 14 conscious 
versus 8 (50%) of 16 pentobarbital-anesthetized dogs (p = 
0.284). Likewise, the incidence of frequent premature ven•
tricular complexes, ventricular fibrillation or any ventricular 
arrhythmia did not differ significantly in the two subgroups. 
Thus, when disparities in collateral function were taken into 
account, there was no demonstrable difference between con•
scious and pentobarbital-anesthetized dogs with respect to 
any of the arrhythmias induced by coronary occlusion. 
Arrhythmias during coronary artery reperfusion (Ta•
ble 5). The incidence of all ventricular arrhythmias asso•
ciated with myocardial reperfusion (premature ventricular 
complexes, frequent premature ventricular complexes, pairs, 
ventricular tachycardia and ventricular fibrillation) was greater 
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Table 2. Size of the Occluded Coronary Bed in Open Chest and Conscious Dogs 
Anesthetized 
Pentobarbital (n = 17) 
Chloralose (n = 7) 
Conscious (n = 25) 
Anesthetized 
Pentobarbital (n = 17) 
Chloralose (n = 6) 
Conscious (n = 23) 
Pentobarbital•
anesthetized (n = 16) 
Conscious (n = 14) 
Pentobarbital•
anesthelized (n = 16) 
Conscious (n = 12) 
Occluded Bed (g) Left Ventricle (g) 
A All Dogs 
Dogs undergoing coronary artery occlusion * 
22.1 ± 1.4 
24.9 ± 1.1 
25.8 ± I. It 
86.0 ± 5.2 
90.0 ± 5.3 
99.5 ± 5.0 
Dogs undergomg coronary artery reperfusion 
22.1 ± 1.4 
24.3 ± 1.2 
25.5 ± 0.9t 
86.0 ± 5.2 
89.8 ± 6.3 
99.1 ± 4.4t 
B. Dogs With Ischemic Zone Flow <0.17 mllmin per g 
Dogs undergoing coronary artery occlusion* 
22.1 ± 1.5 85.4 ± 5.5 
26.6 ± 1.8 95.8 ± 7.3 
Dogs undergoing coronary artery reperfusion 
22.1 ± 1.5 85.4 ± 5.5 
26.3 ± 1.4 94.4 ± 5.1 
Occluded Bed/Left 
Ventricle x 100 
25.8 ± 1.6 
28.0 ± 2.2 
26.7 ± 1.1 
25.8 ± 1.6 
27.5 ± 2.2 
26.0 ± 1.0 
26.0 ± 1.7 
28.1 ± 1.0 
26.0 ± 1.7 
28.0 ± 1.1 
*Two conscious dogs died of ventricular fibrillation dunng coronary artery occlusion and therefore were 
excluded from reperfusion. tp < 0.05; tp = 0.05 versus pentobarbital-anesthelized group. Values are mean 
± SE. 
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in chloralose-anesthetized than in conscious dogs. Despite 
the small number of animals in the chloralose group, all 
differences achieved statistical significance (p < 0.01). 
anesthetized with pentobarbital displayed some form of ven•
tricular ectopic activity versus only 3 (13%) of 23 conscious 
dogs (p < 0.001). 
Similarly, when all pentobarbital-anesthetized and awake 
dogs were analyzed, each type of rhythm disorder was found 
to be significantly more frequent in the former group. In 
particular, 8 (47%) of 17 barbiturate-anesthetized dogs ex•
hibited ventricular tachycardia compared with only 2 (9%) 
of 23 conscious dogs (p = 0,009); 4 (25%) of 17 open 
chest animals developed ventricular fibrillation as compared 
with none of the 23 awake animals (p = 0.026). All dogs 
In contrast to ischemia-induced arrhythmias, the differ•
ences in reperfusion arrhythmias were not decreased when 
the analysis was restricted to the subgroups of dogs with a 
comparable degree of ischemia during coronary occlusion 
(ischemic zone flow < 0.17 mllmin per g). Conscious an•
imals still exhibited a markedly lower incidence of pre•
mature ventricular complexes (p = 0.006), frequent pre•
mature ventricular complexes (p = 0.024), pairs (p = 
Table 3. Left Anterior Descending Coronary Artery Flow (Doppler flow probe) 
Anesthetized 
Pentobarbital (n = 17) 
Chloralose (n = 6) 
Conscious (n = 23) 
Pentobarbital•
anesthetized (n = 16) 
Conscious (n = 12) 
Before Occlusion 
(mllmin) 
Peak Reactive Hyperemia After Reperfusion 
26.6 ± 6.4 
30.5 ± 8.1 
34.6 ± 4.0 
mllmin 
A. All Dogs 
68.8 ± 12.7 
73.1 ± 16.2 
100.4 ± 10.4 
B. Dogs With Ischemic Zone Flow <0.17 mllminl per g 
27.7 ± 6.7 73.9 ± 12.8 
34.3 ± 5.6 99.4 ± 14.1 
% t From Preocclusion 
254 ± 42 
226 ± 53 
206 ± 17 
251 ± 45 
201 ± 24 
Values are mean ± SE. % t from preocclusion = percent increase in flow from the preocclusion value. 
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Table 4. Incidence of Arrhythmias During Coronary Artery Occlusion 
PVC 2:1 PVC/min Pairs VT VF Any VA 
A All Dogs 
Anesthetized 
Pentobarbital 14 of 17 (82%) 7 of 17 (41%) 10 of 17 (59%) 8 of 17 (47%) Oaf 17 14 of 17 (82%) 
Chloralose 6 of 7 (86%) 4 of 7 (57%) 5 of 7 (71%) 3 of 7 (43%) I of 7 (14%) 6 of 7 (86%) 
ConscIous 9 of 25 (36%) 7 of 25 (28%) 6 of 25 (24%) 4 of 25 (16%) 2 of 25 ( 8%) 9 of 25 (36%) 
P vs. pentobarbital 0.005 0.508 0029 0.041 0506 0.005 
p vs. chloralose 0.033 0.197 0.032 0.220 0.536 0.033 
B. Dogs With Ischemic Zone Flow <0.17 mllmin per g 
Pentobarbital- 13 of 16 (81%) 7 of 16 (44%) 10 of 16 (63%) 8 of 16 (50%) Oaf 16 13 of 16 (81 %) 
anesthetized 
ConscIOus 7 of 14 (50%) 6 of 14 (43%) 6 of 14 (43%) 4 of 14 (29%) 2 of 14 (14%) 7 of 14 (50%) 
p 0.122 1.000 0.464 0.282 0.209 0.122 
Any V A = any of the ventricular arrhythmias specified in the table; Pairs = pairs of premature ventricular complexes; PVC = premature ventricular 
complexes; 2: I PVC/min = I or more premature ventricular complexes per minute of coronary occlusion ("frequent" premature ventricular complexes); 
VF = ventricular fibrillation; VT = ventricular tachycardia. 
0.088) and ventricular tachycardia (p = 0.039). All pen•
tobarbital-anesthetized dogs displayed at least one form of 
ventricular arrhythmia compared with only 2 (17%) of 12 
awake dogs (p = 0.006). The incidence of ventricular fi•
brillation was also lower in conscious animals (0 versus 
25%), although the difference did not achieve statistical 
significance (p = 0.113). Hence, reperfusion arrhythmias 
were considerably less common in conscious than in bar•
biturate-anesthetized dogs, even after severe ischemia (myo•
cardial blood flow < 0.17 mIl min per g). 
Discussion 
This study demonstrates a marked disparity between open 
chest and conscious dogs with respect to the incidence of 
reperfusion arrhythmias after brief myocardial ischemia un•
associated with necrosis. Ventricular fibrillation developed 
in 50% of the chloralose-anesthetized and 25% of the pen-
tobarbital-anesthetized dogs but was absent in the awake 
animals; furthermore, all other arrhythmias were signifi•
cantly less frequent in the conscious group. 
Fewer dogs were studied in the chloralose-anesthetized 
group than in the other two groups because the first seven 
animals had a sufficiently high incidence of arrhythmias to 
exclude the possibility that fewer arrhythmic events may 
occur with chloralose than with pentobarbital anesthesia. 
Thus, if six additional chloralose-anesthetized dogs had 
undergone reperfusion and even if none of them had ex•
hibited ventricular fibrillation (the most unlikely possibil•
ity), the incidence of reperfusion ventricular fibrillation would 
have been 3 (25%) of 12, the same as that observed in the 
pentobarbital-anesthetized group. 
Possible factors responsible for the disparity in the 
incidence of reperfusion arrhythmias. The greater pro•
pensity to develop rhythm disorders in the anesthetized an•
imals cannot be ascribed to abnormalities in tissue oxygen-
Table 5. Incidence of Arrhythmias During Coronary Artery Reperfusion 
PVC 2:1 PVC/min Pairs VT VF Any VA 
A. All Dogs 
Anesthetized 
Pentobarbital 13 of 17 (76%) 6 of 13 (46%) 7 of 17 (41%) 8 of 17 (47%) 4 of 17 (24%) 17 of 17 (100%) 
Chloralose 6 of 6 (100%) 3 of 6 (50%) 4 of 6 (67%) 4 of 6 (67%) 3 of 6 (50%) 6 of 6 (100%) 
Conscious 2 of 23 (9%) Oaf 23 I of 23 (4%) 2 of 23 (9%) Oaf 23 3 of 23 (13%) 
p vs. pentobarbital <0.001 0.001 0.006 0.009 0.026 <0.001 
p vs. chloralose <0.001 0.006 0.003 0.008 0.006 <0.001 
B. Dogs With Ischemic Zone Flow <0.17 mllmin per g 
Pentobarbital- 12 of 16 (75%) 6 of 16 (38%) 7 of 16 (44%) 8 of 16 (50%) 4 of 16 (25%) 16 of 16 (100%) 
anesthetized 
Conscious 2 of 12 (17%) Oaf 12 I of 12 (8%) 1 of 12 (8%) Oaf 12 2 of 12 (17%) 
p 0.006 0.024 0.088 0.039 0.1\3 0.006 
2:IPVC/min = I or more premature ventncular complexes per minute during the first 30 minutes of reperfuslOn (frequent premature ventricular 
complexes); other abbreviations as In Table 4 
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ation or acid-base balance, because arterial partial pressure 
of oxygen, pH and hematocrit were within normal limits in 
all dogs included in this study. In addition. it seems unlikely 
that the higher incidence of reperfusion arrhythmias in the 
open chest state resulted primarily from specific electro•
physiologic effects of the anesthetic agent, because it was 
observed in both chloralose- and pentobarbital-anesthetized 
animals. Alpha-chloralose and sodium pentobarbital are un•
related drugs with diverse actions (31). 
In an effort to identify the factors responsible for this 
disparity, we analyzed several variables known to influence 
reperfusion arrhythmias: the size of the occluded coronary 
bed (16,17 .20), the magnitude of collateral blood flow (18-20) 
and the magnitude of the hyperemic response after release 
of coronary occlusion (18). Occluded bed size and coronary 
reactive hyperemia were similar in the chloralose-anesthe•
tized, pentobarbital-anesthetized and conscious groups. 
Consequently, the disparity in reperfusion arrhythmias be•
tween awake and open chest dogs cannot be ascribed to 
differences in these variables. 
Coronary collateral flow, expressed as a mean for the 
entire group. was higher in conscious than in pentobarbital•
anesthetized dogs. This factor, however, cannot account for 
the dissimilarities in reperfusion arrhythmias, since the in•
cidence of rhythm disorders remained markedly lower in 
the awake animals even when the comparison was restricted 
to subgroups in which collateral flow was virtually identical. 
Although collateral flow was not determined in the dogs 
anesthetized with chloralose, previous studies from this lab•
oratory (20,28,32) indicate that coronary collateral function 
does not differ appreciably under chloralose and pentobar•
bital anesthesia. In these previous investigations, collateral 
flow measured 10 minutes after coronary occlusion in chlor•
alose-anesthetized, open chest dogs was found to average 
0.10 ± 0.01 (20),0.11 ± 0.01 (28) and 0.11 ± 0.02 (32) 
mllmin per g. These values are quite similar to those ob•
tained in the present study in the dogs anesthetized with 
pentobarbital (0.11 ± 0.03 mllmin per g), and slightly 
higher than those measured in the subset of awake dogs 
with ischemic zone flow of less than 0.17 mllmin per g 
(0.08 ± 0.01 mIl min per g). The differences in reperfusion 
arrhythmias between the chloralose-anesthetized and awake 
groups remain statistically significant even if the former are 
compared with the subgroup of conscious animals with isch•
emic zone flow of less than 0.17 mllmin per g. 
Systemic hemodynamics, unlike the aforementioned var•
ibles, did differ in the conscious as compared with the open 
chest group. Heart rate and aortic pressure were significantly 
lower in awake than in either chloralose- or pentobarbital•
anesthetized dogs both under baseline conditions and at the 
time of coronary reperfusion, suggesting that adrenergic 
stimulation was less intense in the conscious group at these 
time points. This concept is supported by the fact that our 
conscious dogs were trained and well adjusted to the lab-
JACC Vol 7. No 5 
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oratory and usually rested quietly in the sling during the 
study. In addition, the trauma of thoracotomy is likely to 
increase sympathetic activity. In previous studies in open 
chest dogs anesthetized with pentobarbital (33) or with ur•
ethane and alpha chloralose (34), plasma levels of cate•
cholamines were several times higher than those observed 
in conscious dogs at rest (33,35). Thus, it is possible that 
the discrepancy in the incidence of reperfusion arrhythmias 
between conscious and open chest animals might be due, 
at least in part, to different levels of sympathetic activity. 
In addition, the development of rhythm disorders in open 
chest dogs may be facilitated by the myocardial trauma 
associated with instrumentation. Further studies will be nec•
essary to test these hypotheses. 
Differences in collateral flow between conscious and 
anesthetized dogs. Our finding that collateral flow, ex•
pressed either in milliliters per minute per gram or as percent 
of simultaneous nonischemic zone flow, was greater in con•
scious than in anesthetized dogs is consistent with a recent 
study by Jugdutt (33) and with a comparison of some of the 
results obtained in various laboratories in awake (36-41) 
and open chest dogs (42-47). The reasons for this difference 
in flow are not entirely clear. It is possible that surgical 
instrumentation induces development of collateral vessels. 
The fact that in our study heart rate and blood pressure were 
Figure 2. Systemic hemodynamics (heart rate and aortic pressure) 
in (D) chloralose-anesthetized, (0) pentobarbital-anesthetized and 
(e) conscious dogs. The upper panels represent mean ± SE for 
all dogs studied, whereas the lower panels represent the data for 
the subgroups of pentobarbital-anesthetized and awake animals 
with ischemic zone flow of less than 0.17 mllmin per g. Values 
are represented under baseline conditions (BASE), 8 minutes after 
coronary artery occlusion (OCCL), at the time of coronary reper•
fusion (REP) and 15 minutes after reperfusion (15' REP). *p = 
0.05; **p < 0.02; ***p < 0.001 versus conscious. 
A. ALL DOGS 
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similar in the barbiturate-anesthetized and conscious groups 
8 minutes after coronary occlusion (that is, shortly before 
microsphere injection) suggests that the differences in col•
lateral perfusion were not due solely to these factors. 
Differences between occlusion and reperfusion ar•
rhythmias. In contrast to the arrhythmias induced by myo•
cardial reperfusion, those associated with ischemia did not 
differ in the pentobarbital-anesthetized and conscious groups 
when dissimilarities in collateral flow were taken into ac•
count. Although in chloralose-anesthetized dogs the inci•
dence of single premature ventricular complexes and pairs 
was greater than in awake dogs, no significant difference 
was observed with respect to more complex rhythm disor•
ders (ventricular tachycardia and fibrillation). Thus, there 
appears to be a major dissimilarity between occlusion and 
reperfusion tachyarrhythmias in the setting of reversible 
ischemia: the former occur in both open chest and awake 
preparations (although they tend to be somewhat more fre•
quent in open chest models), whereas the latter are uncom•
mon in the conscious state. This might relate to the different 
mechanisms mediating ischemia- and reperfusion-induced 
arrhythmias (3) or to fluctuations in adrenergic activity in 
the awake dogs. During the initial phase of coronary oc•
clusion, heart rate and aortic pressure in the awake animals 
increased markedly, attaining values at 8 minutes similar to 
those observed at the same time in the pentobarbital-anes•
thetized group and only slightly lower than those in the 
chloralose-anesthetized group. This rise, however, was tran•
sient, and by the time of reperfusion, both variables had 
decreased to values lower than those in open chest dogs 
(Fig. 2). It COUld, therefore, be hypothesized that sympa•
thetic activity in awake dogs was comparable with that in 
open chest dogs during most of the occlusion phase, but 
less intense during restoration of flow. Accordingly, less 
disparity would be expected in ischemia- than in reperfu•
sion-induced arrhythmias. 
Previous studies of reperfusion arrhythmias after re•
versible ischemia. There are no published studies of re•
perfusion arrhythmias after reversible ischemia « 20 min•
utes) in conscious dogs. The incidence of these rhythm 
disorders in our open chest dogs is lower than that observed 
in most previous investigations, probably as a result of dif•
ferences in experimental preparations. For example, after 
coronary occlusion of 20 minutes or less, the overall inci•
dence of ventricular arrhythmias has been reported to be 
74% (12), and the incidence of ventricular fibrillation 70 
(13),31 to 67 (9), 50 (14) and 61% (15). 
Limitations of the study. This study indicates that in 
the awake, trained dog, reperfusion is unlikely to precipitate 
tachyarrhythmias after a brief. reversible ischemic insult. 
However, the duration of ischemia associated with the great•
est severity of reperfusion arrhythmias in conscious dogs is 
unknown. Consequently, it remains to be determined whether 
our results apply to reperfusion after longer periods of isch-
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of ischemia (>20 minutes) resulting in irreversible myo•
cardial injury. It is also possible that different results may 
be obtained with dogs that are not well adjusted to the 
laboratory. Finally, our data do not rule out the possibility 
that other types of anesthesia not evaluated in this investi•
gation may be associated with an incidence of reperfusion 
arrhythmias comparable with that observed in conscious 
dogs. 
Clinical implications. Reperfusion arrhythmias have been 
postulated as a cause of sudden death in humans after release 
of transient coronary occlusion (due to spasm or thrombus) 
unassociated with myocardial necrosis (3-10). This hy•
pothesis, however, is based on observations in anesthetized, 
open chest animal preparations. Our study demonstrates for 
the first time that complex reperfusion arrhythmias are un•
likely to occur after reversible myocardial ischemia in con•
scious dogs. If applicable to the clinical setting, these results 
suggest that serious reperfusion-induced rhythm disorders 
after transient coronary occlusion may be uncommon in 
humans. In support of this concept is a recent report (48) 
suggesting that the vast majority of arrhythmias associated 
with variant angina occur during ischemia rather than af•
ter it. 
We thank Patty Farrell and Sandra McMurtry for expert secretanal assis•
tance 
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